Sulfamethoxazole is an antibacterial agent which is commonly prescribed for the treatment of infections in humans and animals. The detection of this drug in the aqueous environment has raised considerable health concerns. Herein, we report the photoelectrocatalytic degradation of sulfamethoxazole at a TiO 2 -exfoliated graphite (TiO 2 -EG) anode. The TiO 2 -EG nanocomposite, synthesised by sol-gel and microwave methods, was characterised by XRD, Raman and FTIR spectroscopies, SEM and TEM. The cyclic voltammograms of the fabricated electrodes were obtained in [Fe(CN) 6 ] 3À redox probe. Concentration abatement of the antibiotic was monitored using a UV-vis spectrophotometer and the possible intermediates were investigated using LCMS. After 6 h of the photoelectrocatalytic process, almost 100% of the drug had been degraded and a 90% COD decay was achieved. The photoelectrocatalytic degradation of sulfamethoxazole entailed g-, b-, d-and 3-cleavages, hydroxylation and rings opening. The outcome of this study shows that the EG-TiO 2 anode can be applied for the photoelectrocatalytic remediation of water contaminated by pharmaceuticals.
Introduction
Antibiotics have been and are being used in the treatment of a broad range of bacteria-causing infections, saving humans and animals from pain, distress and death. In recent time, however, there has been a growing concern over the proliferation of antibiotic-resistant bacteria and it is believed that the presence of antibacterial agents in the environment has contributed to the emergence of these bacteria strains.
1,2 A number of these substances are not easily biodegradable and thus they persist in the environment. The detection of antibiotics in surface and ground waters is well documented and sulfamethoxazole (SMX), a sulfonamide, is among the most frequently detected.
3-7 SMX nds a wide application in human and veterinary medicine for treatment of infections. 8 Incomplete metabolism in the body and ineffective treatment of wastewater from pharmaceutical industries may result in the accumulation of this substance and its metabolites in the environment.
There has been a large number of investigations on the destruction of organic pollutants via electrochemical approach. [9] [10] [11] [12] In particular, direct or indirect oxidation involving the generation of hydroxyl radicals at a feasible potential has been shown to be promising for the remediation of water contaminated by organic substances. 13, 14 The development of photoelectrochemical process to enhance oxidation of organic pollutants at the anode renders this approach more effective and more attractive. A typical photoelectrochemical cell is equipped with an anode that is photoactive; such that the generation of the powerful hydroxyl radicals, which react unselectively with many recalcitrant organic pollutants, is maximised in the presence of light. In photoelectrocatalytic system, the challenges oen associated with the traditional photocatalytic process are minimised. For instance, the problem of electrons and holes recombination 15 is reduced as the electrons generated are driven away via the external circuit. 16, 17 Similarly, recovering of the photocatalyst from the suspension aer treatment is not required as it is immobilised/localised on a substrate. The synergistic benet of electrical energy and solar energy also makes the photoelectrocatalytic method the more suitable for oxidising organic contaminants in wastewater.
Photocatalytic semiconductors have been immobilised onto conductive substrates and employed as photoanodes for treating water polluted by organic substances. In a recent report by Li et al., a phosphate modied BiOCl photocatalyst was immobilised onto FTO glass and the resulting photoanode was employed for water oxidation and methyl orange degradation. 18 Similarly, Zeng et al. prepared a lm of WO 3 nanoplates on FTO glass and applied the anode for the photoelectrochemical degradation of methylene blue. 19 In another study by Lin and co-workers, Bi 2 WO 6 lm was obtained on ITO glass and the electrode was utilised for the photo-assisted anodic oxidation of rhodamine B.
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TiO 2 is one of the most explored photoactive materials in many photocatalytic applications. 21 It has received considerable attention as a choice material for the preparation of anodes for use in photoelectrochemical processes. TiO 2 is preferred because of its high photocatalytic activity, chemical stability, low cost and nontoxicity. In a report by Su et al., TiO 2 photoanode was prepared by treating Ti foil in a solution of titanium(IV)chloride and nitric acid. The prepared electrode was used for the degradation of sulfamethoxazole in the presence of UV light, and it was reported to be effective for the degradation of the pharmaceutical especially in the chloride supported cell. 17 In another investigation by Kondalkar et al., TiO 2 was immobilised onto FTO glass substrate by dip coating and the photoanode reportedly showed good electrocatalytic activity towards the oxidation of the antibiotic, cefotaxime, under UV irradiation.
22 Also, Wei et al. prepared a lm of TiO 2 /g-C 3 N 4 hybrid heterostructure on ITO glass by surface hybridisation and dip-coating approach. The obtained anode reportedly exhibited good photoelectrocatalytic property towards phenol oxidation.
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Efforts have been made to trap TiO 2 nanoparticles in the pores of certain carbon materials. For instance, a few reports have emerged on the use of graphite rods and expanded graphite as supports for the immobilisation of TiO 2 . In these studies, the obtained photoanodes were used for the degradation of phenols and dyes. [24] [25] [26] [27] In particular, the porous and the compressible nature of exfoliated graphite were advantageous for the trapping of the photocatalyst. In addition, factors such as low cost, ease of preparation, and high conductivity also encouraged the use of graphite-based supports for TiO 2 photoanode. The impressive electron transport property of exfoliated graphite is desirable for channeling away the photogenerated electrons, 28 consequently, the lifespan of the charges can be prolonged. In essence, this promotes the production of the powerful hydroxyl radicals which are required for the oxidation of the organic compounds in water.
In this work, a nanocomposite of TiO 2 and exfoliated graphite (EG) was prepared via sol-gel and microwave techniques. The composite material was fabricated into electrode and employed for the photoelectrochemical oxidation of sulfamethoxazole for the rst time, to the best of our knowledge. The extent of the degradation of the antibiotic was monitored with UV-visible spectroscopy and chemical oxygen demand analysis. The possible degradation products were investigated using liquid chromatography coupled with mass spectrometry.
Experimental

Reagents and materials
Natural graphite akes, nitric acid, sulfuric acid, n-butanol, titanium butoxide, potassium ferricyanide, potassium nitrate, sodium sulfate, sodium chloride and sulfamethoxazole were purchased from Sigma-Aldrich South Africa and used as obtained. All solutions were prepared with deionised water.
Preparation of EG and TiO 2 -EG
Preparation of EG was done according to a method reported earlier. 29 Firstly, sieving of natural graphite akes was achieved by 300 micron sieve. The uniformly sized graphite akes were then dispersed in a mixture of nitric acid and sulfuric acid (1 : 3 v/v). The mixture was kept at ambient conditions for 24 h, aer which the resulting acid intercalated material was washed with copious deionised water until a near neutral pH was achieved. The material was then air dried and subsequently subjected to a thermal treatment at 800 C for 60 s. The obtained product is a puffed up material with a large volume-to-mass ratio.
In a typical preparation of the nanocomposite of EG and TiO 2 , 2 g of EG was dispersed in 30 mL of n-butanol, and the mixture was stirred magnetically for 5 min. Thereaer, 6 mL of titanium butoxide was added to the mixture, and the hydrolysis of the titanium butoxide was achieved by drop-wise addition of 5 mL of water to the mixture while stirring vigorously. The sol formed was subsequently transferred into a reaction vessel and placed in Anton Paar microwave synthesis reactor operated at 600 W for 10 min. The material obtained was calcined at 400 C for 2 h. Pristine TiO 2 was prepared following the same procedure except that EG was not added.
Characterisation
X-ray diffraction (XRD) patterns were obtained on Rigaku Smartlab X-ray diffractometer (USA) with Cu Ka radiation. Raman analyses were performed on Witec alpha300 R confocal Raman microscope (Germany). Electron images were obtained on scanning electron microscope (TESCAN, Vega3 XMU, Czech Republic) and transmission electron microscope (JEM 2100 TEM, 200 kV, Japan). UV-vis spectra of the aliquots of SMX withdrawn from the reaction cell at xed time intervals were recorded on Agilent Cary 60 spectrophotometer (Malaysia) and the chemical oxygen demand was determined on HACH DR3900 spectrophotometer. SMX degradation intermediates were identied using Shimadzu LCMS 8030 (triple quad) equipped with a Shimadzu LC-30AD Nexera Liquid Chromatography, a Shimadzu SIL-30 AC Nexera autosampler, and a Shimadzu CTO-20 AC Prominence Column Oven. The analytical column was a C18 column (Shimadzu 2 mm, 2.1 mm Â 100 mm) which was maintained at 40 C. The ow rate was 0.2 mL min À1 and injection volume was 5 mL, the mobile phases were acetonitrile and 0.1% formic acid.
Fabrication of electrodes
The as-prepared TiO 2 -EG was compressed into 15.0 mm pellets at high pressure using a hydraulic press. A clean copper wire of diameter 1.0 mm and resistivity 1.673 mU cm was coiled at one end to form a at surface, conductive silver glue was applied onto this surface and the pellet was subsequently placed. It was then le to air dry at room temperature for 30 minutes. The edges of the pellets were then covered with non-conductive epoxy resin and the electrode was then placed in a glass rod and sealed with the resin and Teon tape, exposing only the electrode surface and the terminal copper wire.
Electrochemical and photoelectrochemical experiments
Electrochemical experiments were carried out on a computercontrolled potentiostat/galvanostat (autolab, PGSTAT 302N model). reection peak corresponds to (002) crystal plane of expanded graphite.
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Raman analyses of the materials were carried out to investigate the structural features of the electrode materials. Fig. 1b  and c Raman lattice vibrations of the metal oxide semiconductor respectively. [30] [31] [32] The spectrum of the nanocomposite shows the signature peaks of TiO 2 which are present in the spectrum of the pristine material, while a new peak centred at 1589 cm
À1
can also be seen. This new peak is the G band of the EG material which arises from the vibration of sp 2 carbon atoms. The D band which is due to defect in the lattice structure of the graphitic material has a very low intensity and therefore cannot be clearly seen in the spectrum of the composite material, it is however present in the spectrum of the pristine EG shown in the inset. The FTIR spectra of TiO 2 and TiO 2 -EG can be seen in Fig. 1d , the peak at around 550 cm À1 in the spectrum of pristine TiO 2 can be attributed to the vibration of the Ti-O bonds in the TiO 2 lattice. In the spectrum of the composite material, peaks at 1634 and 1068 cm À1 can be ascribed to C]C and C-O-C stretch of the EG. Also, the weak bands at 2924 and 2854 cm À1 are due to C-H stretch. The broad peak at 3408 cm À1 can be assigned to the vibration of hydroxyl groups of adsorbed water.
Morphologies of electrode materials
The electron micrographs of TiO 2 and TiO 2 -EG are presented in Fig. 2 . From the SEM image of TiO 2 , it can be reasonably assumed that the nanoparticles are uniform-sized. The TEM image reveals that there is agglomeration of the particles, this can also be deduced from the SEM image as the particles are closely situated. In the TEM image of the TiO 2 -EG, however, the TiO 2 particles are seen to sit on the graphite sheets, and agglomeration of the particles are minimal. Also, the SEM image of TiO 2 -EG shows that the graphite layers are decorated by the TiO 2 particles.
Cyclic voltammetry at EG and TiO 2 -EG electrodes
Cyclic voltammetry is a widely used technique which offers qualitative information on electrochemical reactions. The voltammograms obtained from the cyclic voltammetric studies of the electrodes carried out using potassium ferricyanide as a redox probe are presented in Fig. 3 . The separation between the peak potentials for a reversible couple (at 298 K) is given by
where n is the number of electrons transferred. A process in which DE p is approximately 59 mV is considered to be fast (reversible) while a larger value of DE p depicts a slow electrode kinetics. DE p deduced from the voltammograms of EG and TiO 2 -EG are 307 and 352 mV respectively. The much slower kinetics (when compared with 59 mV) at the EG electrode can be due to the presence of non-metal impurities and surface oxides resulting from the intercalation process. The DE p value for the TiO 2 -EG electrode is larger than that of EG electrode, this indicates that the electrochemical process is slower at the composite electrode. This is not surprising given the presence of the relatively low conducting TiO 2 in the composite, which dilutes the better conducting EG. In spite of the large values of DE p , the scan rate study at the composite electrode (Fig. 3c) showed that the process is not irreversible since there is no signicant shi in the position of the peak potentials at the different scan rates. Notably, the total current obtained at EG-TiO 2 electrode is higher than the value obtained at EG electrode. This can be attributed to the larger surface area provided by the TiO 2 nanoparticles which enhanced the interaction of the redox probe with the electrode. However, the faradaic current obtained at the EG electrode is of higher magnitude than that obtained at the EG-TiO 2 electrode (the composite electrode displayed higher capacitive current).
Degradation of SMX at EG and TiO 2 -EG electrodes
Oxidation of the analyte was monitored on UV-vis spectrophotometer at its wavelength of maximum absorption (l max ¼ 257 nm). In both electrochemical and photoelectrochemical processes at the TiO 2 -EG electrode, there was a gradual but very signicant reduction (with time) in the absorbance of the antibiotic at the l max (Fig. 4a) . This conrmed its degradation in the processes. However, a much higher degradation efficiency was obtained in the photo-assisted process (Fig. 4b) . It is also noteworthy that the composite electrode exhibited a higher removal efficiency of the analyte than the pristine electrode in the electrochemical process (Fig. 4c) . The improved degradation obtained in the photoelectrochemical process at the TiO 2 based electrode can be attributed to the photocatalytic behaviour of the semiconductor and the combined effect of electrical energy and solar energy which are benecial for generating the hydroxyl radicals required to destroy the pollutant. Upon irradiation with light, the photo-generated holes in TiO 2 reacts with water to produce hydroxyl radicals, this powerful oxidant attacks and degrades the pollutant molecules until they are mineralised. Similarly, the holes also act as oxidant, attacking the organic specie until it is completely broken down. Furthermore, when the applied potential is sufficiently high, oxidation of water on the surface of the anode to form the hydroxyl radicals takes place. The enhanced performance of EG-TiO 2 compared to EG in the electrochemical process can be related to the higher electro-active surface area of the EG-TiO 2 which provides for greater number of sites for the oxidation of water to generate the oxidant. In addition, since direct electron transfer from the contaminant to the anode oen occurs simultaneously with the indirect oxidation, 33,34 a larger electro- active surface area favours the oxidation of SMX at the anode. This observation is in agreement with the results of the cyclic voltammetry experiments in which higher current was obtained at the composite electrode. The inuence of current density on the degradation process was investigated. Oxidation of the analyte was achieved at the initial current density of 7 mA cm
À2
. There was however improvement in the process when the value was increased to 10 mA cm
. Further increase to 13 mA cm À2 did not lead to appreciable increase in the degradation efficiency (Fig. 4d) . This trend suggests that the oxidation of SMX is mainly achieved by holes and hydroxyl radicals in the photoelectrochemical process. It is also believed that the anodic potential at 10 mA cm À2 is optimal to prevent recombination of photogenerated charges and that further increase in potential is unutilised. The effect of pH of the bulk solution on the degradation of SMX was studied. It can be observed that the rate of oxidation is higher at acidic pH (Fig. 4e) , with the rate at pH 3 being slightly higher than the rate at pH 6. The pK a1 and pK a2 values of SMX are 1.7 and 5.6 respectively. 35 Below and above these values SMX is either positively or negatively charged. The proportion of cationic or anionic form of SMX present in a solution at a time depends on the pH of the solution. At pH 3, SMX molecules are expected to be in neutral form and since the degradation efficiency at this pH is higher than at the other two pH values, it can be said that the degradation of the analyte in this process is favoured when the molecules are uncharged. The difference between the rates at pH 3 and pH 6 is not very large, thus it can be asserted that there is still a considerable amount of the neutral molecules at pH 6. Furthermore, although the degradation of SMX at pH 6.3 is a little slower, the pH of the electrolytic solution can still be maintained at 6.3 since it is milder. to that obtained in a related study by Su et al., however, when factors such as electrode surface area, supporting electrolyte are taken into consideration, the rate of SMX decay in this work can be said to be appreciably good. An efficient wastewater treatment technique is expected to lead to a signicant reduction in the chemical oxygen demand (COD) of the water at a reasonable energy input. The removal of COD in this investigation was calculated using the relations:
where COD 0 and COD t are the values (in mg L À1 ) of chemical oxygen demand at time, t ¼ 0 and t ¼ t respectively. Aer 6 h of electrolysis and light irradiation at the optimum conditions, a 90% COD removal was obtained at the photoanode. Using the COD approach, the current efficiency for the degradation of SMX was calculated using the following equation:
where COD 0 and COD t are the COD (in g L À1 ) at time t ¼ 0 and t ¼ t, F is the Faraday constant (96 487 C mol À1 ), V is the volume of the electrolytic solution (in litre), I is the current (A) and t is the electrolysis time (s). The TCE calculated for the degradation of SMX at optimum conditions was 0.674. This value indicates that a fairly high proportion of the electrical energy applied was utilised for the decay of the contaminant.
Identication of intermediate products during the degradation of SMX
LCMS analysis of standard sample and aliquots of degraded SMX solution were carried out. The chromatograms obtained are in Fig. 5 . The major aromatic intermediates identied are m/z ¼ 94, 157, 172. These species can result from the g-, b-, d-and 3-cleavages of the sulfamethoxazole molecules. 37 The peak at m/z ¼ 94 can be considered as protonated aniline, it has been reported in a number of studies dealing with oxidation of SMX by hydroxyl radicals.
3,37-39 It can be thought to be formed by the attack of hydroxyl radicals on sulfonated moiety, leading to release of SO 4 2À . 38 The formation of a product having m/z ¼ 157 has been attributed to the cleavage of the S-N bond in the parent molecule, 40 and the m/z ¼ 172 may be a sulfanilamide or ionic form of sulfanilic acid resulting from 3-cleavage. 37, 41 The peaks at m/z ¼ 270 and 286 have been indicated to result from the mono-and dihydroxylated products of SMX. 42, 43 It can therefore be reasonably suggested that the photoelectrocatalytic oxidation of SMX is by cleavage of the S-N bond and hydroxylation and opening of ring systems in the molecule. A schematic representation of the degradation route of SMX is presented in Fig. 6 .
Conclusion
The applicability of TiO 2 -EG electrode for the oxidation of SMX via photoelectrocatalytic process was demonstrated in this study. The performance of the photoanode was enhanced in the presence of simulated sunlight, with a fourfold increase in the removal efficiency of the contaminant. The degradation of SMX at the electrode was dependent on pH of the solution and applied current, pH 6.3 and current density 10 mA cm À2 were taken as optimum. Aer 6 h of the process at the optimum conditions, 90% of the COD of the solution was removed. LC-MS analysis of the degraded SMX revealed the formation of aniline and other by-products which are believed to result from the interaction of the photoelectrochemically generated hydroxyl radicals and electrons with the parent molecule. Given the ease of preparation, low cost and performance of the TiO 2 -EG anode, it can be further explored for the removal of pharmaceuticals from wastewater.
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